Herein we report a series of lithium ion capacitors (LICs) with extraordinary energy-to-power ratios based on olive pit recycled carbons and supported on graphene as a conducting matrix. LICs typically present limited energy densities at high power densities due to the sluggish kinetics of the battery-type electrode. To circumvent this limitation, the hard carbon (HC) was embedded in a reduced graphene oxide (rGO) matrix. The addition of rGO into the negative electrode not only forms a 3D interpenetrating carbon network but also wraps HC particles, facilitating ion diffusion and enhancing the electronic conductivity notably at high power densities. Electrochemical impedance spectroscopy (EIS) analysis reveals that charge-transfer resistance at electrode-electrolyte interphase and the charge-transport resistance within the electrode are considerably lower in the presence of rGO. In addition, charge-transport resistance remains constant upon cycling even at increasing current densities. Capacity gain at high current densities, owing to the reduction of the electrode resistance, triggers the overall LIC performance, allowing for the assembly of an ultrafast LIC delivering up to 200 Wh kg −1 AM at low power rates and 100 Wh kg −1 AM at a power of 10 kW kg −1 AM .
Lithium ion batteries (LIBs) and supercapacitors (SCs) have been mostly adopted solutions for electrical energy storage (EES) in many fields. 1 Nevertheless, in view of the growing demand of applications that are calling for high energy density at high power ratios, lithium ion capacitors (LICs) are now in vogue among diverse, but all trailblazing industries -i.e. consumer electronics, automotive or aerospace-. Their ability to provide high energy densities at high power densities has attracted a big deal of attention, making this technology highly eyecatching for many areas, from academia to industry. Thus, LICs are becoming promising candidates to enter the exclusive EES club. 2 LICs were first demonstrated in 2001, based on the idea of increasing the energy density of an electric double-layer capacitor (EDLC) by replacing the carbonaceous negative electrode with a lithium titanate (Li 4 Ti 5 O 12 ) -a lithium ion insertion material-in order to increase the overall capacity. 3 Significant progress was achieved shortly after, when graphite was introduced as negative electrode, since its low working potential (∼0.1 V vs. Li + /Li) allowed to widen the operative window voltage of the LIC up to 4.2 V. 4 In fact, owing to its excellent features such as, low working potential, low-cost, good cycle life and a high theoretical gravimetric capacity of 372 mAh g −1 , LIC technology reached the market in 2008. 5 In the last years, research has been focused on the battery-type electrode due to the sluggish kinetic of lithium-intercalation in comparison to the double-layer formation on the surface of the capacitor-type activated carbon (AC) electrode. 6 In this context, hard carbons (HCs) are a promising alternative to graphite. Owing to their non-graphitizable disordered nature, lithium ion can intercalate at both sides of graphene sheets allowing targeting twice the theoretical capacity of graphite. In fact, HCs with higher capacity values, rate capabilities and longer cycling life have been widely reported. 7, 8 In addition, their faster kinetics with respect to graphite have turned HCs in one of the most studied type of anode material in LICs. Although most of the HC-based LICs reported to date show the capacity to operate almost at the SC power regime, it is upon loss of most of the energy gained owing to the hybridization. 9, 10 Usually, the poor energetic performance at those high power ratios is mainly ascribed to the slow kinetics of the HC with respect to the AC. 11 Though, we firmly believe that the crux of the matter relies on the electrode engineering, i.e. the formulation and fabrication process of the electrode, since both intrinsic ion diffusion and electronic con- HCs can be synthetized from a wide variety of precursors, such as sucrose, cellulose, polyvinyl (PVC), furfuryl alcohol or even better, from sustainable resources like recycled biomass. [12] [13] [14] [15] [16] [17] [18] [19] The precursor, together with the pyrolysis temperature and activation process will determine the inherent micro and macroporous structure of the HC, and, accordingly, the ability to store charge. However, only an optimum electrode formulation will enable to get the most out of the material. Well studied factors such as particle morphology, carbon coating, electrode thickness, binder or electrolyte affect rate capability and cyclability of the HC. [20] [21] [22] [23] Certainly, key parameters such as chargetransfer resistance and the interparticle contact resistance (i.e. chargetransport) strongly depend on the configuration of the electrode. Currently, this problematic is mitigated by coating the HC particle surface with a highly conducting carbon. This is an effective solution for batteries that work at low cycling rates but not applicable to LICs, where the applied current density is highly demanding, and this approach is unable to keep a reasonable rate capability. 24, 25 Thus, the HC electrode needs to be tailored for its application in LIC technology. To this end, a strategy to improve conductivity and rate capability of HC electrodes based on the addition of thermally exfoliated reduced graphene oxide (rGO) as a conducting agent has been adopted. Previously reported researches for advanced intercalation cathode materials, such as LiFePO 4 or Li 3 V 2 (PO 4 ) 3 , already showed satisfactory increase on the capacity and rate capability. 26, 27 However, few studies focused on anode materials have been reported to date. In addition, despite already reported HC-graphene composites have achieved promising results in terms of electrode performance, they all present rather unattractive intricate synthesis route. 28 Besides, in most cases the electrochemical performance is limited to half-cells. In this work, the aim is to replace the standard conducting carbon coating with a rGO matrix, tailoring the electrochemical properties of the HC electrode and enabling its implementation in a final LIC device without any power penalization. In fact, by a simple physical mixing, HC particles have been embedded into a highly conducting 3D interconnecting graphene network that acts as a pathway for both ion diffusion and electron transport. As a result, electrochemical performance is greatly enhanced at high rates, e.g. at 10C rate, where capacity gain is more than 100% owing to a substantial charge-transfer and charge-transport resistance attenuation. Further implementation of the HC-rGO electrode into a LIC becomes a game changer, enabling a final device with an ultrafast response reaching even higher power values than its EDLC counterpart.
Material synthesis.-To prepare the HC, olive pits were crushed after received and loaded in a tubular furnace for the pyrolysis process by heating under an Ar flow of 100 ml min −1 at a ramp rate of 5°C min −1 to a predefined temperature of 900°C and further holding it for 2 hours (the carbonization yield for olive pits was ∼25%). A similar HC was previously prepared and studied by our group, 25 however, with the aim of enlarging crystallites and, ultimately, reduce the irreversibility of the first cycle, in this work the pyrolysis temperature was slightly increased.
To prepare the AC, the HC obtained from the pyrolysis of raw olive pits at 700°C was physically mixed with potassium hydroxide, KOH, in a C/KOH 1/6 mass ratio. The mixture was placed in an Inconel boat and activated according to the procedures described in the literature, i.e. heating up to the maximum temperature under an Ar flow (100 ml min −1 ) inside a horizontal stainless steel tube within a tubular furnace. The heating ramp rate was 5°C min −1 and the holding time at 700°C was 2 hours. After activation, the microporous AC was washed off with a diluted solution of hydrochloric acid, HCl (aq), and water until neutral pH was reached and then dried at 120°C under vacuum (the activation yield was ∼75%).
To prepare the rGO, first graphite oxide was obtained from the synthetic graphite provided by Timcal (TIMREX-SFG75) by a previously reported modified Hummers' method. 29 Subsequent, a rapid heating (>1000°C min −1 ) to 1000°C splits the graphite oxide into individual graphene oxide (GO) sheets. 30 Finally, GO sheets were thermally treated at 1°C min −1 to 250°C to avoid disordering of GO layers and at 2°C min −1 to 650°C for 1 hour under Ar atmosphere (100 ml min −1 ) in order to obtain the rGO samples. Material characterization.-N 2 adsorption/desorption isotherms were measured at −195.8°C using a Micromeritics ASAP 2020 instrument for relative pressure values (P/P 0 ) between 10 −8 and 0.995 for samples preliminarily outgassed for 24 hours at 200°C. The Specific Surface Area (SSA) values were calculated by applying the recently-developed 2D Non-Local Density Functional Theory (2D NLDFT) treatment to N 2 adsorption/desorption isotherms using the data reduction software SAIEUS. X-ray diffraction (XRD) patterns were recorded for powdered samples in a Bruker Discover D8 X-ray diffractometer; data was collected at 40 kV and 30 mA using CuKα (1.5405 Å) radiation over a 2θ range within 15 to 80°. Microstructure of carbons was characterized using Scanning Electron Microscope (SEM) FEI Quanta 200 FEG and Transmission Electron Microscope (TEM) FEI Tecnai G2 F20. X-ray Photoelectron Spectroscopy (XPS) measurements were carried out in a UHV spectrometer chamber with base pressure below 10 −10 mbar. The chamber features a hemispherical analyzer PHOIBOS 150 with a 2D-DLD detector (SPECS) and monochromatic X-ray source FOCUS 500 (SPECS) with two anodes: Al Kα (hn 1 4 1486.74 eV) and Ag Lα (hn 1 4 2984.3 eV). Conductivity measurements were carried out by the four-probe Van der Pauw´s method using the electrodes employed for the electrochemical measurements.
Electrode fabrication, LIC assembly and electrochemical characterization.-
The slurries for the negative electrodes were prepared by mixing HC either with Super C65 (Imerys Graphite & Carbon) carbon black or with as-prepared rGO (no additional Super C65 in this case) to fabricate (i) the benchmark electrode, denoted by HC, and the new (ii) HC-rGO electrodes, respectively. Polyvinylidene fluoride (PVdF) was used as the binder in a mass ratio of 5% in all cases. The formulation of each electrode is summarized in Table I . For the positive electrode, the slurry was prepared by mixing the AC and PVdF in a mass ratio of 95:5. After adding N-methyl-2-pyrrolidone (NMP), slurries were mixed under vigorous stirring for 1 hour. HC slurries were deposited onto copper current collector sheets whereas the AC slurry was laminated onto an aluminum current collector sheet. Laminates were immediately transferred into a vacuum oven and dried at 80°C under constant vacuum for 12 hours before 1 cm 2 circular individual electrodes were cut out. All electrodes weighed around 1 mg cm −2 with a thickness about 30 microns and 50 microns for the HCs and ACs respectively. Before the cell assembly, all electrodes were dried at 120°C overnight in a vacuum oven. Prior to the assembly of full hybrid cells, HC-based electrodes were characterized in a threeelectrode Swagelok airtight system using metallic lithium, both as the counter and reference electrodes and 1 M LiPF 6 in EC:DMC (1:1; v/v; ethylene carbonate: dimethyl carbonate) as electrolyte. Reported capacities always refer to the HC mass (mg of HC). LICs were assembled in a three-electrode Swagelok system with lithium metal as a reference, using stainless steel current collectors and a porous fiber glass (Whatman GFB) membrane separator in the same electrolyte as in half-cells, 1 M LiPF 6 in EC:DMC. Reported values always refer to the sum of the active mass (AM) of both electrodes (mg of HC + mg of AC). Cyclic voltammetry (CV), galvanostatic (GA) charge/discharge cycling and electrochemical impedance spectroscopy (EIS) measurements were conducted using a multichannel VMP3 generator (Biologic, France) at room temperature (i.e. 21°C) applying a low sinusoidal amplitude alternating voltage of 10 mV over zero current potential (OCP) at frequencies from 1 MHz to 10 mHz at 0.2 V vs. Li + /Li after discharging at three different current densities: C/10, 1C, 10C. The EIS data was fitted using Boukamp´s software. 31
Results and Discussion
On the search for a highly conducting graphene, the choice for a thermally exfoliated rGO is done in view of the low presence of oxygen achieved, 32 which is directly related to its electronic conductivity. 33 The XRD pattern shown in Fig. 1a , with a broad (002) diffraction peak at 26.1°, is indicative of the partially ordered structure of rGO with a similar interplanar spacing but lower crystallinity than graphite (resulting d 002 = 3.31 Å and L c = 5.6 nm). Further structural analysis carried out by Raman spectroscopy (Fig. 1b ) confirmed the disordered morphology and low degree of graphitization of the obtained rGO. The Raman spectrum shows a G-band at ∼1580 cm −1 (in-plane C-C vibrations) and a D-band at ∼1340 cm −1 (a breathing mode only active when there is disorder in the structure) and two broad peaks in the region 2500-3000 cm −1 corresponding to 2D and D+G bands. The ratio between the integrated peak areas of I D and I G bands turned out to be 1.24 in good agreement with the disordered nature of rGO. The presence of corrugated single layers of graphene is confirmed by means of TEM imaging ( Fig. 1c ) and the typical agglomerated fluffy appearance of graphene can also be observed by SEM (Fig. 1d ). The SSA of rGO was calculated from the N 2 adsorption isotherm (Fig. 1e ). The isotherm analyzed by Brunauer-Emmett-Teller (BET) method reports a SSA of 1042 m 2 g −1 while using the 2D NLDFT treatment the final SSA is 742 m 2 g −1 (Fig. 1f ). Furthermore, the oxygen content confirmed by XPS is as low as 3%, allowing to target a high conductivity of 747 S cm −1 which is one order of magnitude higher than that measured for the AC (41 S cm −1 ). All the physicochemical data is summarized in Table II .
The microstructural characterization of the benchmark HC electrode and the newly developed HC-rGO-5 electrode reveals considerable differences at first sight. On one side, HC-rGO-5 electrode seems to be highly permeable, with an open structure at the microscale (Fig. 2a) , allowing for a straightforward electrolyte propagation through the electrode toward HC particles, an essential requirement for fast operation at high power demand. On the other side, the HC electrode (Fig. 2b) shows a more closed appearance, probably implying a more tortuous route for electrolyte propagation. The more open structure of HC-rGO-5 vs. HC is clearly confirmed at higher magnifications ( Figs. 2c vs. 2d ). Although the 3D nature of graphene begins to glimpse at this point, further magni-fications ( Fig. 2e ) confirm that HC particles are clearly embedded into a 3D rGO matrix that interconnects particles, theoretically providing enhanced ion diffusion and electron transport paths. 34 In addition, Fig. 2f shows in more detail how the rGO matrix not only bridges particles but also wraps them, providing a quasi-continuous path along the particles for both electrons and ions to be transferred and transported.
GA charge/discharge experiments for HC and HC-rGO electrodes were carried out in the potential range of 0.005-2 V vs. Li + /Li at different current densities between C/10 and 10C, being C = 372 mAh g −1 .
As observed in Figs. 3a and 3b, charge/discharge profiles are very similar for both electrodes, and consist of a sloppy region and a plateau at low potential. Attending to the "house of cards" model, ions are intercalated into the interlayer between graphene sheets along the sloppy region until ca. 0.2 V vs. Li + /Li, while below this potential a plateau appears owing to reversible insertion of lithium ion into nanopores. 35 Olive pit derived HCs show better storage capabilities at the sloppy region than at the low potential plateau owing to the intrinsic nature and composition of the precursor material. For safety reasons, this is a highly desired feature of this technology. Indeed, when building LICs, the cut-off potential of the negative electrode is limited to 0.1 V vs. Li + /Li to avoid any lithium plating, disabling the access to the capacity stored below this potential. Therefore, the higher is the capacity of the electrodes above this potential, the better the system will perform. Undoubtedly, the replacement of C65 by means of rGO contributes to the electrode capacity due to the lithium storage within the graphene layers. In order to estimate this contribution, a fully rGO based electrode was electrochemically characterized and GA charge/discharge profiles are shown in Fig. 3c . After five stabilization cycles at a C/10 discharge rate, rGO exhibits a maximum capacity of 266 mAh g −1 , which is practically equal to the capacity delivered by the HC electrode (275 mAh g −1 ). Since capacity values of both materials seem to be quite similar at all studied discharge rates, and attending to the composition of the HC-rGO-5 electrode (90% HC, 5% rGO), it can be concluded that the rGO contribution to the charge storage capacity is about 5%. Nevertheless, the improved performance of the HC-rGO electrode goes beyond the capacity contribution of rGO, and might be related to a synergistic effect of the HC and rGO combination.
Rate capability data for the HC electrode together with the HC-rGO electrodes is summarized in Fig. 4a . At C/10, the HC electrode shows a reversible capacity of 275 mAh g −1 , while the irreversible capacity of the first cycle is 175 mAh g −1 , limiting the initial Coulombic efficiency (CE) to 61%. Along the increasingly applied current densities, capacity fades to 175 mAh g -1 at 1C, and continues downwards to reach ca. 70 mAh g −1 at high current densities (i.e. 10C), that is, only 25% of retention of the initial reversible capacity. Replacement of C65 by means 5% of rGO boosts the capacity of the HC-rGO-5 electrode through all over the discharge times. As expected, CE of the first cycle is lowered to 56% due to the larger active surface of the electrode after the rGO addition, which enlarges solid electrolyte interphase (SEI) formation. On the other hand, the reversible capacity of HC-rGO-5 boosts to 450 mAh g −1 , that is a 60% increase respect the initial HC electrode. Capacity retention at 10C rises to 35%, improving that of the benchmark electrode in 10 percentage points, i.e. more than a 2fold increase, reaching a capacity value of 162 mAh g −1 . In order to further evaluate the impact of rGO within the electrode performance, an intermediate electrode composition was also characterized by using only 2% of rGO in the formulation. First reversible discharge cycle offers a capacity of 400 mAh g −1 at C/10 (CE of 57%), which implies a 45% rise with respect to the HC electrode but is still far from the 60% gain achieved by the addition of 5% of rGO. Capacity retention at 10C is 29%, delivering 115 mAh g −1 , that is 45 mAh g −1 more than the benchmark HC electrode but 47 mAh g −1 less than the HC-rGO-5 electrode. In view of these results, HC-rGO-5 was selected to be implemented in the LIC system while HC-rGO-2 was discarded. Since cyclability is a major strength of SCs technology, HC-rGO-5 electrode was exposed to a cycle life test (Fig. 4b) . The upper potential window of the electrode was set to 2 V vs. Li + /Li while the lower potential was set as for the operational conditions within the LIC (that is, limiting the lower potential to 0.1 V vs. Li + /Li) and cycled at a 10C rate (t discharge = ∼47 seconds). At this high discharge rate CE is ≥ 98%, thus some degradation is expected to occur. Stablishing the experiment end-point at capacity retention of 80%, the electrode is able to work for over 6000 cycles at those conditions. Since potential window used in the final LIC system will still be narrower, cycle life is expected to be even longer.
In order to better understand the impact of the added 5% of rGO within the overall capacity gain and with the aim to discern its role, EIS studies were carried out in both HC-rGO-5 and benchmark HC electrodes at the lowest working potential, (0.2 V vs. Li + /Li), where the maximum functional Li + /Li insertion within the electrode is achieved. The equivalent circuit (EC) used to fit EIS data was the same for both electrodes (top of Fig. 5 ). The EC consists on a resistance (R el ) connected in series to other three resistances (R SEI , R CT and Re) each with their own constant phase element (CPE) connected in parallel and a semi-infinite Warburg impedance (Z w ) together with a pseudocapacitance component (C int ). Since the electrodes do not follow an ideal behavior because of surface inhomogeneity, roughness etc, CPEs were used for the fits instead of capacities. This EC is a modification of the EC proposed by Aurbach and co-workers, which is considered the most accurate circuit for intercalation electrodes. [36] [37] [38] According to Aurbach and co-workers, the intercept with the real axis (Re Z) corresponds mainly to ion resistance in the electrolyte and separator (R el ). As expected, R el value, calculated from the EC, is very similar for both systems (Table III) , since the same electrolyte was used, and mainly contributes to the potential (ohmnic) drop of the system. At high/medium frequency (1 MHz to ∼50 Hz for HC and 1 MHz to 2.5 Hz for HC-rGO-5) both electrodes present one big semicircle which encompasses at least two smaller semicircles. The diameter of the overall semicircle is much smaller for the HC-rGO-5 electrode, suggesting that it has lower resistance values. The first small semicircle at the highest frequency (not visible at the naked eye but necessary for the correct fit of the impedance) accounts for lithium ion transport through the SEI layer, that is fitted using a parallel EC consisting of a resistance (R SEI ) and a CPE (CPE SEI ). A second semicircle within the middle frequency range (600-400 Hz) accounts for the chargetransfer resistance at the electrode/electrolyte interface, that is fitted using a parallel EC consisting of a resistance (R CT ) and a CPE owing to the formation of the double-layer at the electrode/electrolyte interface (CPE DL ). Firstly, R SEI turns out to be slightly smaller for the HC-rGO-5 electrode (Table III) , due to the higher SSA of rGO (R SEI is inversely proportional to SSA). 39 Secondly, R CT values calculated using the EC (Table III) evident first significant differences since, the HC-rGO-5 electrode presents much lower resistance values. This suggests that the lithium ion insertion is easier when C65 is substituted by rGO. The lower R SEI and R CT values for the HC-rGO-5 might arise due to a smoothen interface that results from wrapping HC particles in rGO. At the low frequency range, yet above 1 Hz, another semicircle appears in the HC electrode, and it is attributed to electron transport mechanisms through the overall electrode, in other words, to the electronic conductivity of the electrode. This process is fitted using a parallel circuit consisting of a resistance (R e ) with a CPE e . This semicircle has already been observed in other intercalation materials. [40] [41] [42] [43] [44] While HC electrode clearly shows a semicircle at low frequency (from ∼25 Hz to ∼0.5 Hz) HC-rGO-5 electrode does not exhibit any semicircle at the naked eye. Indeed, the semicircle corresponding to the electron transport mechanisms in HC-rGO-5 is overlapped with the big semicircle, which is centred around 270 Hz and it is only possible to identify fitting the EIS data. The almost absence of that process suggests that the electronic conductivity is increased by the addition of rGO within the HC-rGO-5 electrode. R e values calculated from the EC give important insight about the rGO impact within the electrode performance. From one side, the HC electrode presents increasing R e values through the increasingly applied C-rates. R e rises from 18 to 50 Ω cm 2 when C-rate is increased from C/10 to 10C. On the other side, within the HC-rGO-5 electrode R e value remains almost constant and substantially lower, 7.1 and 4.7 Ω cm 2 at C/10 and 10C respectively. All these results provide clear evidence of the rGO impact onto the charge-transfer resistance reduction but especially onto the electronic conductivity. The substitution of C65 by means of rGO (HC-rGO-5 electrode) enhances the electronic conductivity allowing targeting for higher charge storage, especially at high applied current densities where electric conductivity becomes critical. At the lowest frequency region (below 1 Hz) ion diffusion through the material gives the Warburg impedance (Z w ), fitted using a diffusion resistance and a pseudo-capacitance (C int ) representing the non-ideal finite diffusional behavior at lowest frequencies. This is commonly observed as a 45°straight line respect the y-axis and it is mostly similar for both electrodes.
Finally, different LICs were assembled facing either HC or HC-rGO-5 electrodes with previously reported olive pit derived AC in a 1:1 mass ratio. In order to study the system at its maximum performance, both electrodes were preconditioned. Thus, HC-rGO-5 was cycled five times between 0.005-2 V vs. Li + /Li at C/10 rate in order to form a SEI layer and supply sufficient lithium to compensate the first cycle irreversibility and then, a cut-off potential of 0.2 V vs. Li + / Li was set in order to avoid any lithium plating. Similarly, the AC was charged to a cut-off potential of 4.2 V vs. Li + /Li. Fig. 6a shows the GA charge/discharge potential profiles of HC-rGO-5 and AC-based electrodes vs. Li + /Li together with the overall HC-rGO-5//AC hybrid cell performance at different current densities (Fig. S1 shows the HC//AC system for comparison). At a first glance, both cell and electrode profiles in the HC-rGO-5//AC system look the same, despite the increasingly applied current density, suggesting that faster operation is not altering the supercapacitor behavior of the overall cell. In more detail, through a decreasing discharge time from 60 min to 5 min and to further 20 seconds, the charge/discharge profile of the LIC is absolutely symmetric in all cases, typical of supercapacitors. This indicates that the capacitive mechanism taking place at the positive electrode (i.e. AC) is governing the overall cell response profile at all the studied charge/discharge rates. Moreover, comparing both HC vs. HC-rGO-5 electrodes (Fig. S1 vs. Fig. 6a ), it can be observed that the addition of rGO onto the HC electrode keeps the negative electrode potential sweep narrower (∼0.7 V vs. ∼1.1 V), owing to its faster operation capabilities and the voltage drop of the system at high rates is noticeably lower. The impact of rGO into the overall cell performance is also clearly visible within the energy-to-power ratios given in the Ragone Plot in Fig. 6b . Building a HC//AC LIC already implies a substantial gain in the energy performance as compared to the analogue olive pit derived AC//AC EDLC system. On a further step, the substitution of the commonly added conductive carbon (SuperC65) Journal of The Electrochemical Society, 166 (13) A2840-A2848 (2019) A2847 by the as-prepared rGO boosted the energy of the LIC system -which was cycled in the standard operating 1.5 V-4.2 V cell voltage-far beyond. The latter delivers an energy density of 130 Wh kg −1 AM at 150 W kg −1 AM while the energy of the benchmark LIC is limited to 100 Wh kg −1 AM at 150 W kg −1 AM , what implies an increase of 30%. Nevertheless, this low power region can still be covered by fast batteries in cost of their cycling life or fabrication cost due to the need of oversizing the systems, or either building micro-batteries. However, within 1 minute discharge time, that is, a purely EDLC region where no battery can operate, the newly developed LIC is able to deliver an improved 95 Wh kg −1 AM at 5500 W kg −1 AM compared to the more modest 72 Wh kg −1 AM at 4200 W kg −1 AM ratio of the benchmark LIC (Fig. 6c ). At the very high power region (discharge times within seconds), i.e. 10 kW kg −1 AM , HC-rGO-5 based LIC provides an energy density as high as 82 Wh kg −1 AM , 60% and 85% larger than the energy provided by the benchmark LIC and the EDLC system respectively. Furthermore, the use of rGO allows targeting even higher power ratios than the EDLC itself, reaching an outstanding value of 60 Wh kg AM -1 at 20 kW kg −1 AM . This result highlights the need of a fast battery-type negative electrode able to give response to such high power demands. In terms of durability, cyclability was tested at 10 A g −1 (t discharge = 9 seconds), reaching to a highly appealing 88% capacitance retention after 10000 cycles (Fig. S2) .
In view of the excellent performance of the overall LIC and the incomplete usage of the HC-rGO-5 potential window vs. Li + /Li along the applied 1.5-4.2 V window, an extended LIC voltage window of 1-4.2 V was also tested in order to make a major use of the HC-rGO-5 electrode and find the limits of the system. Fig. S3 (extended 1-4.2 V) show that the HC-rGO-5 can stand the extended voltage window without almost altering its potential sweep or slightly widening it toward lower potentials, while the AC potential window positively swings by ∼2.6 V instead of the narrower ∼2 V sweep in the 1.5-4.2 V cell voltage. The extended window allows optimizing the device performance by achieving the widest potential window of both electrodes without decomposing the electrolyte while maximizing the capacity of both electrodes. As can be seen in Fig. 6b and Fig 6c, the energy density gain is substantial, reaching the highly challenging 200 Wh kg −1 AM at 150 W kg −1 AM value at low power rates while getting close to 100 Wh kg −1 AM at 10 kW kg −1 AM , to our knowledge, one of the best reported energy-to-power ratios ever reported for a dual carbon LIC. Cyclability of the system remains unaffected maintaining about 85% capacitance retention at 10000 cycles.
Conclusions
In this work we have developed an ultrafast hard carbon electrode by adding graphene in the electrode formulation. Impedance analysis reveals that formed 3D interpenetrating network of graphene enables faster ion diffusion and electron transport owing to a reduced chargetransfer and charge-transport resistances. Thus, the newly developed HC-rGO-based electrode presents double the capacity at high cycling rates with respect to the bare HC electrode, reaching a capacity of 162 mAh g −1 at 10C. This fact enables the fabrication of LICs able to reach outstanding energy density values of 200 Wh kg −1 AM at low power rates and 60 Wh kg −1 AM at an extremely demanding power peak of 20 kW kg −1 AM with a 88% capacitance retention after 10000 cycles.
